Introduction
Carbon Nanotube (CNT) is a promising channel material for future high performance electronics due to their extraordinary electrical properties [1] . While substantial progress has been made in experimental demonstrations of single devices and small circuits [2] [3], one remaining obstacle towards the realization of CNT technology for VLSI applications is poor control of the CNT material, particularly with respect to obtaining ideal on-off ratio (I on /I off ) CNTs. In this paper, we present a new perspective on this problem and then presented a corresponding new methodology to improve the evaluation of the CNT material, which not only enables more accurate characterization and analyses of the material properties and variations but also more accurately predict performance and variation in the device-and circuit-levels, e.g. if the CNT I on /I off distribution is improved to have ~99% of CNTs with I on /I off >10 3 , then a leakage current of ~0.01% (of the on current) can be attained for a chip containing one million Carbon Nanotube Field Effect Transistors (CNFETs).
Single-Tube Characterization (STC) Methodology
Several efforts have been made to improve the CNT material, such as metallic-CNT (m-CNT) removal [4] and preferential synthesis techniques to achieve higher purity of semiconducting CNTs (s-CNTs) [5] . However, after these treatments, a methodology to effectively evaluate the quality of the resulting CNT material is indispensable. The existing evaluations of CNT material do not take into account CNT variation and simply characterize the material with only one parameter p semi : the percentage of semiconducting CNTs. Specifically, this p semi does not consider the impact of intermediate-on-off-ratio CNTs (s-CNTs with poor I on /I off ), and yet, such CNTs can have a large impact on device-and circuit-level performance. In fact, simply inferring and quoting a single p semi statistic implicitly make 2 invalid assumptions: (1) CNTs can be simply binned into 2 categories: either m-CNTs with an I on /I off ~1 or s-CNTs with a high I on /I off (e.g., 10 4 ); and (2) the properties of individual CNTs can be inferred by observing the overall property of an ensemble of CNTs.
Inspired by the CMOS community, we thus propose a new methodology for assessing CNT material improvement solutions which makes neither of the above assumptions. The new methodology calls for the characterization of individual CNTs to directly determine the distribution of CNT characteristic and does not attempt to classify CNTs into only 2 categories; instead, it takes into account the entire distribution of I on /I off of the CNT material. Once the distributions are characterized, features in the distribution can be analyzed to compare the effects of different material improvement techniques. Furthermore, statistical analyses can be performed to predict performance and variation at the device-and circuit-levels. For these reasons, the STC methodology: (1) provides a standard for comparison among CNT growth and sorting techniques; (2) more accurately predicts device-and circuit-level characteristics and performance; and (3) sets forth guidelines and milestones for CNT material improvement.
STC for Growth Technique Characterization
A selective CNT synthesis technique has been proposed in [6] that achieves a tunable proportion of high I on /I off CNTs to low I on /I off CNTs by altering the growth conditions such as growth temperature and carbon source. As an illustration of our proposed CNT quality evaluation methodology, we apply STC to assess this selective synthesis technique. After growth, CNTs are transferred to silicon wafers and then back-gated CNFETs are fabricated (Fig. 1a) . Electrical I-V measurements of these CNFETs are made and only those with a single CNT in the channel (verified via SEM, Fig. 1b) are retained for the subsequent analyses. The reason for such elimination of multiple-tube CNFETs is that one cannot definitively say whether all CNTs are conducting in a multiple-tube CNFET, nor infer the exact I on /I off of each CNT when measuring only the I on /I off from an ensemble of CNTs.
The STC methodology looks at the entire distribution of CNT I on /I off . Experimental data of the I on /I off distributions of three different growths are shown in Fig. 2a and the growth conditions are summarized in Fig. 3 . Alcohol carbon sources enable more tunable CNT growths [6] . The most commonly adopted statistical models to cope with CNT properties are Gaussian and logarithmic-Gaussian distributions [7] [8] . Therefore, using the peaks and gaps, three logarithmic-Gaussians are chosen to fit the experimental data as shown in Fig. 2b . The fitting parameters are summarized in Fig. 3 as well. By comparing Gaussian parameters, it is clear that the different growth conditions cause different peak locations and weights. For semiconducting applications, Sample A provides a higher proportion of CNTs with high I on /I off ; for interconnect applications, Sample C provides a higher proportion of CNTs with roughly constant conductance (low I on /I off ). Thus, by setting the goals of the µ, σ, and w, we provide a standard for comparison among CNT synthesis techniques. It should be noted that while Gaussians are chosen here for illustration, it is not necessary that the distributions are Gaussians. The STC methodology is equally applicable to other distributions. 
STC for CNT Material Analyses and Guidelines
After using the Gaussian fits to the single-tube data (Fig. 2b) , the I on /I off of multiple-tube CNFETs can be predicted via Monte Carlo analyses. Fig. 4 demonstrates the projected I on /I off distribution of 10-CNT CNFETs for the three previous samples respectively. It reveals that while Sample A produces a higher proportion of CNFETs with high I on /I off , due to the presence of Peak 2 (i.e., a large fraction of CNTs poor I on /I off ), only a small percentage (~5%) of 10-tube CNFETs have I on /I off > 10 2 . In short, while this growth technique delivers 93% of p semi [6] , it is still insufficient for multiple-tube CNFETs application.
Using the analytical framework above, we further project guidelines for CNT material improvement. Fig. 5a shows 3 scenarios where the CNT I on /I off distributions have been improved by varying degrees. D1 is a scenario where Peak 1 (m-CNTs/low-on-off ratio peak) is suppressed to less than 0.01% of the total distribution. Thus, overall, the I on /I off distribution improves and a higher proportion of CNTs will have high I on /I off . D2 is a scenario where Peak 1 and Peak 2 are each suppressed to less than 0.01% of the total distribution, which conceptually represents a CNT synthesis technique suppresses both low I on /I off s-CNTs and the m-CNTs. D3 is a scenario where the distribution is shift up along the x-axis (higher µ) as compared with D2. This would represent a CNT synthesis technique that actively improves CNT material by producing CNTs with higher I on /I off . Fig. 5b shows the corresponding I on /I off distributions of 10-CNT CNFETs. The results in Fig. 5b can be extended to circuit-and chip-level metrics such as leakage current. Here, a chip consisting of one million 10-CNT CNFETs is considered and leakage current is normalized to on-state current. As the distributions are improved, the average leakage decreases. As a rough guideline, to achieve a leakage of roughly 0.01% of the on-current, a distribution such as D3 with 99% of CNT I on /I off > 10 3 is needed, which corresponds to 99.9% CNFET with I on /I off > 10 3 .
Conclusion
We presented a new methodology, STC, to more accurately assess the impact of a given CNT material improvement technique. Using STC, we characterized a selective growth method and found that growths can indeed be tuned. In addition, analyses of various scenarios presented guidelines for material improvement to achieve target device-and circuit-level specifications, such as leakage current. This STC methodology can also be extended to characterize other CNT material properties. 
